Introduction
Mid-latitude mountain glaciers deserve special attention as high-resolution indicators of past and present climate change [1, 2] . The reconstruction of Holocene glacier chronologies is an important factor in understanding how glaciers respond to decadal to millennial climate change and offers the opportunity to assess recent glacier dynam- * E-mail: stefan.winkler@uni-wuerzburg.de ics and verify model predictions of future glacier development [3] .
Due to their mass-balance sensitivity [4] maritime, midlatitude mountain glaciers respond rapidly to climate change.
Their high mass turnover and mass flux along with other specific characteristics give reasons for a spatial differentiation of mountain glaciers on a global scale [5] . Therefore, the current research project 'MaMoGla' (Holocene and recent dynamics of maritime mountain glaciers) focuses exclusively on those maritime mountain glaciers. The integrated comparative study of Holocene glacier chronologies on a global scale gives the opportunity to assess the causes of glacier dynamics, and to verify the numerous hypotheses about the impact of individual climate factors. Within this project, the Southern Alps of New Zealand have been chosen as a study area from the Southern Hemisphere. In conjunction with the other main area investigated, maritime Scandinavia, it should contribute towards a better understanding about whether, or not, there are 'global' Holocene climate modes. , the inserted frame indicates the position of (c) within the study area. Glaciers, prominent proglacial lakes, peaks, and rivers are shown on both maps. The contour interval is 500 m (b) and 100 m (c), respectively. A frame marks the lateral moraine system studied here on (c); other moraine ridges are indicted briefly.
Current chronologies from glaciers of the Southern Alps are not of comparable quality to those from Scandinavia. Whereas a considerable number of studies have been carried out on the regional late-Glacial chronology, including an intensive dispute regarding the occurrence of a Younger Dryas glacier advance in New Zealand e.g. [6] [7] [8] [9] [10] [11] , the late-Holocene glacier history has only received limited attention e.g. [12] [13] [14] [15] [16] [17] . In addition, previous research [18, 19] revealed the need for revision due to methodological uncertainties, such as, the focus on the Tasman Glacier as a problematical key locality cf. [4, 20, 21] .
Previous studies on Holocene glacier chronology of the Southern Alps mainly applied radiocarbon ( 14 C) dating of organic material (plant remains, organic-rich soil layers etc.) buried beneath or within the complex lateral moraines [13, 22] . The measurement of weathering-rind thickness on boulders [23, 24] and lichenometry, both used for related relative-age dating [18, [25] [26] [27] [28] , have also been applied. Additionally, the potential of the Schmidt hammer as relative-age dating technique has clearly been demonstrated by its successful application on several lateral and latero-frontal moraine sequences in the Mt Cook/Aoraki National Park [19, 29] . The relatively homogenous and weathering-resistant bedrock yielded comparatively small standard errors and, as a result, a relatively high time resolution in the order of 200-300 years. This enabled individual moraine ridges to be grouped into moraine sequences that could be related to separate 'Little Ice Age'-type events sensu [30] .
In this study both relative-age dating were utilised (Schmidt hammer) and terrestrial, cosmogenic nuclide ( 10 Be) surface exposure dating on the large lateral moraine complex of the Strauchon Glacier of Westland/Tai Poutini National Park. The advantages and disadvantages of this multi-proxy approach are discussed as well as the conclusions and the resulting revision of the regional Neoglacial glacier history.
Study area
Strauchon Glacier is located within Westland/Tai Poutini National Park in the central part of the Southern Alps, immediate west of the Main Divide (Figure 1 ). It is classified as single-basin valley glacier of 4.17 km 2 with a total length of 5.9 km and a vertical extent from 960 to 2530 m a.s.l. [31] . The supraglacial debris cover was around 40 % at the time of the inventory in the early 1980s. During the past two decades, a proglacial lake of > 1 km length has developed at the glacier terminus from initial supraglacial meltwater ponds visible on vertical air photos from 1986. Therefore, the actual length of the glacier tongue is es- timated to be about 5.0 km and a related reduction in glacier area has to be considered. Due to the thick debris cover of the lower glacier tongue, it is impossible to detect the precise position of the active glacier front or give further up-dates of the inventory data.
From the Main Divide and Baker Saddle, Strauchon Glacier flows at first directly to the west, before shifting to a roughly southwestern direction parallel to Aurora Range (and Banks Range). The most prominent morphological feature of its glacier foreland is a complex, impressive lateral moraine directly below the Darkwater Saddle of the Aurora Range (Figure 2 ). This lateral moraine system in the western part of the glacier foreland comprises up to seven individual ridges ( Figure 3 ). The lower, innermost ridge of the system is located at 1100 m a.s.l. and partially destroyed by post-depositional erosion. Wardle [12] pointed out that the 'Little Ice Age' glacier surface did not reach the vertical level of this lateral moraine. As a consequence, glacial and paraglacial processes of erosion formed a prominent erosion scar on the proximal slope of the moraine. Successively, the innermost moraine ridge(s) were subject to erosion and only survived in parts. Some post-depositional erosion partly affected the outermost ridge (LM 'a') as well. This erosion is related to denudative processes on the slopes of the Aurora Range and nonglacial fluvial action in the headwaters of Jungle Creek. It is leading to erosion on the distal parts of the lateral moraine affecting its outermost ridge. The second outermost ridge of the lateral moraine is, therefore, the highestlying ridge at an altitude of 1160 m a.s.l. As no comparable lateral moraine system exists in the outer parts of the foreland, and the younger 'Little Ice Age'-moraines are located in dense subalpine forest, this moraine complex comprises the study area. The multi-ridged morphol-ogy is assumed as having great potential for investigating both the number and timing of presumed pre-'Little Ice Age' Neoglacial events in this region [12] [13] [14] 19] . All of the ridges are located above the local tree line and covered by alpine grass vegetation with very few (small and young) specimen of Acipylla spec. (Figure 4 ). There are, in general, sufficient boulders suitable for Schmidt hammer tests on the lateral moraine complex. However, on some of the individual ridges (especially LM 'c' and LM 'd'), relatively few boulders restricted the number of test sites. Post-depositional accumulation of boulders by rock fall on the existing moraine, a process common in this region, can be excluded at this site. Therefore, this lateral moraine complex is perfect for the application of the new attempt presented here.
Methodology

Schmidt hammer
The Schmidt hammer was originally designated for the simple mechanical in situ testing of the hardness of concrete in construction works [32] and has been introduced to geomorphology and geology for various purposes [33, 34] . In a geochronological context, the Schmidt hammer is widely used as a relative-age dating technique on glacially eroded bedrock surfaces, boulders embedded in glacial deposits, rock glaciers and talus, e.g. [19, 29, [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . The measurement of surface hardness of rock surfaces reveals information on their exposure to subaerial weathering processes and, therefore, on the relative-age of related moraine formations. Here, a N-Type Schmidt hammer which directs a spring-driven pin, of calibrated energy (2.207 N·m), onto the rock surface is used. The rebound (R-) value is determined by the compressive strength and hardness of the tested surface, for technical details, see [32] . If the Schmidt hammer is applied as a relative-age dating technique and regularly checked to ensure correct calibration, R-values need not be transformed into metric values of compressive strength. The destruction-free and in situ nature of the test is a clear advantage compared to the weathering-rind thickness measurements, especially for work within conservation areas like National Parks. With its light weight and compact size, the Schmidt hammer is easy to carry, and robust enough for field work. Original bedrock hardness is the most prominent source of error, therefore, Schmidt hammer measurements ideally need to be restricted to one specific rock type. In our field area a grey coloured schist (Haast schist member, textural zone IV: biotite greenschist) is the dominant bedrock for the glacier foreland [47] . The few boulders of different bedrock found on the moraine were avoided during testing, as well as small veins of pure quartz. To choose appropriate boulders for testing we followed those methodologies described by cf. [34, 39] . The Haast schist yields slightly higher standard errors than the Torlesse group -low-grade metamorphic sandstones -that dominate the bedrock of other glaciers in the re- gions [19] .
There is no unequivocal standard for sample size (boulders per test site) or blow per boulder. Different approaches have been in use [34] . In this study, the sample size (n) is 50 boulders tested with one blow each per test site. This decision has primarily been made in order to adjust the test design to earlier Schmidt hammer studies of the current author in the region [19, 29] . Additionally, the local conditions at Strauchon Glacier concerning size and surface roughness of the moraine boulders would obstruct all approaches to test each boulder with more than one bounce. Testing a large number of boulders helps to minimize potential factors influencing the weathering rate like visually undetectable lithological inhomogeneities, microclimatological variations etc. Each test site on individual moraine ridges is kept as small as possible. In general, all boulders suspected of postdepositional movement were omitted from testing, leaving the actual test sites more-or-less restricted to the crest and upper moraine slopes. All special local conditions influencing the measurements (e.g. widespread distribution of boulders suitable for testing or lithological differences) were registered directly during fieldwork and prior to any further treatment of the raw data. These notes were later used to check against any unexpected geochronological results and relate them, if possible, to methodology.
All raw data underwent standard statistical treatment. For each sample, all R-values obtained were first classified and used for to construct a histogram in order to detect possible departures from a normal distribution that could be related to different exposure times of boulders. Skewed and/or bimodal modal distributions might occur if previously weathered boulders were incorporated or postdepositional erosion has been taken place [37, 48] . The statistical mean and the standard error of the mean (SEM) at 95% confidence (α = 0.05) were calculated for every single test site, a common practice in geochronological Schmidt hammer studies cf. [34] . Additionally, median, skewness, and kurtosis were calculated for each sample (Table 1 ).
In the first step of final analysis, individual moraines were tested in relation whether their test sites revealed comparative results and, whether test sites that were tested twice in different years delivered reproducible results. Later, results from individual moraines were plotted in order to find possible groupings among those ridges of the lateral moraine system, i.e. moraines that originate from the same 'Little Ice Age'-type event ( Figure 5 ). It was a preliminary practical assumption that moraines were of the same age (formed during one 'Little Ice Age'-type event) if their SEM-intervals overlapped [34] . If they did not, a difference in age of at least a few hundred years was expected [29] . Finally, and to support the preliminary groupings, statistical treatments, like Kruskal-Wallis H-tests or Mann-Whitney U-tests [49] [50] [51] , were applied. Tests on statistically significant/insignificant age differences have already shown their potential to confirm the conclusions based on preliminary groupings mentioned above [19] .
Terrestrial cosmogenic nuclide (
10 Be) surface exposure dating Absolute age dating using terrestrial (in situ) produced cosmogenic nuclides is a relatively new field of geochronological and geomorphological research developed over the last 10 -15 years, cf. [52] [53] [54] [55] [56] [57] . Until now, regional studies applying terrestrial cosmogenic nuclide dating (TCND) in New Zealand have focused on the glacier chronology of the late-Glacial and the MIS 2/1 transition, respectively, e.g. [6, [58] [59] [60] . In the current research project, surface exposure dating using the terrestrial cosmogenic 10 Be isotope has provided an alternative to radiocarbon ( 14 C) dating and compensates for some of its disadvantages, e.g. the lack of datable organic material at some locations. It represents the first application exclusively for the investigation of the Neoglacial glacier history in the Southern Alps. More than 40 samples at 9 different glaciers have been taken and analysed during the past three years. The detailed results will be published elsewhere in a comprehensive way. Table 1 . Selected results of Schmidt hammer tests at Strauchon Glacier (cf. Figure 2 ).
Sample
Site R-values: mean and SEM (1) median Ɵ (2) skewness kurtosis In lieu of very limited potential for radiocarbon ( 14 C) dating at Strauchon Glacier, several samples for TCND have been taken from large boulders on individual ridges of the lateral moraine system. As Schmidt hammer relative-age dating was successfully performed on the lateral moraine, those absolute dates derived have been decided as suit-able for the construction of a calibration curve and a crosscheck of the results. Furthermore, the connection between Schmidt hammer R-values and TCND is much closer than with radiocarbon dating, because both techniques focus on boulder surfaces. Although radiocarbon dating has previously been used for calibration and 'absolute' dating of Schmidt hammer measurements e.g. [19, [41] [42] [43] , the genetic and chronological relationship between the organic material dated and exposure ages of the boulders on the moraines is not always simple and undisputable.
All samples from the moraine were taken from boulder surfaces at the moraine ridges using a chisel and hammer. Almost all samples originate completely from the abovementioned quartz veins within the greyish schist. Thus, the size of the rock samples were kept to a minimum and met the restrictions set by conservation authorities. An assumed rock density of 2.65 g/cm 3 was applied to all samples, accordingly. Samples were taken from horizontal or almost horizontal surfaces of large boulders that had not been affected by post-depositional movement. This crucial requirement for reliable surface exposure dating has additionally been tested on site with the Schmidt hammer and crosschecked with the preliminary R-values obtained in the field. If the R-values were not in the lower reaches of the sample, other parts of the boulder surface or another boulder was sampled.
Typically, the uppermost 5 cm of boulder surfaces were sampled. All data necessary for later calibration of the samples (shielding, altitude, geographical position etc.) were registered directly in the field. The rock samples from Strauchon Glacier were processed by Rob Spears at the Cosmogenic Isotope Laboratory at the University of Canterbury (Christchurch/New Zealand) and AMSmeasurements were carried out by Albert Zondervan at GNS (National Institute of Geological and Nuclear Sciences, Lower Hutt/New Zealand). Final calibration was achieved in cooperation with James Shulmeister (University of Canterbury) using the CRONOS-Earth 10 Be exposure age calculator in its newest version 1 [57] . Because exposure ages derived from models that use constant production rates and models that use time-varying production yield differences of less than 100 years, no special attention has been drawn to the discussion of the final choice between those models. All differences lay within the range of the internal error. Similarly, for the purpose of a first test of the 'multi-proxy' attempt presented here and considering the relatively young overall ages of the samples, further calibration for snow cover etc. [56, 61, 62] was not 
Results
Schmidt hammer
All samples from the Strauchon Glacier show a normal distribution. Applying the statistical Kolmogorov-Smirnov test [49] [50] [51] , the level of significance achieved is α = 0.001 (n = 50) for all samples. All Schmidt hammer tests performed on the same test sites but in different years show consistent and reproducible results. It is concluded that none of the Schmidt hammer samples need to be excluded a priori from further interpretation for methodological reasons. A random selection is, therefore, assumed as an appropriate way to choose the restricted number of samples for detailed statistical analysis (see below).
The samples taken on individual moraine ridges show comparable statistical means and highly overlapping SEMs ( Table 1) . As the morphology of the individual ridges is characterised by relatively uniform ridge crests, they should have been formed during one advance only. By applying both, Kruskal-Wallis H-tests for all samples on individual ridges (Table 2) and Mann-Whitney U-tests for selected pairs of samples (Table 3 ), this conclusion can largely be confirmed. The less statistically significant results for LM 'b' are caused by one sample (6.61) only. Analogously, sample 6.12 caused the 'moderate' results for LM 'g'. Compared to previous studies [19] , those two results have to be addressed in relation to the limits of precision achievable by the Schmidt hammer technique. Minor lithological inhomogeneities influencing the R-values cannot be detected visually during fieldwork in any case. Small departures of the statistical means of single samples have just to be accepted a potential incremental methodological source of error. However, if compared to the statistical test results for samples of statistically significant age differences (see below), there is no reason to reject the hypothesis of a similar age of all samples taken on one individual moraine ridge.
The comparison of individual ridges of the lateral moraine system ( Figure 5 ) reveals a clear trend of lower R-values and, therefore, increasing age towards the outer ridges. Only the outermost ridge LM 'a' is an exception. Its Rvalues tend to be slightly higher than those on the proximal, inner ridges LM 'b' and LM 'c' (Table 1) . For morphological reasons, the outermost moraine ridge LM 'a' has to be the oldest one and should, as a consequence, give the lowest readings. As the Schmidt hammer tests on LM 'a' demonstrate neither special patterns regarding SEMs, nor unusual distributions of single R-values or dubious values for skewness, kurtosis, and median, it is assumed that post-depositional erosion at the base of the distal slope of the moraine ridge might have caused some disturbance. Possible post-depositional erosion was already noted during fieldwork. It might have caused the means of the Schmidt hammer readings on this ridge to be slightly higher than expected. Although tentative and awaiting final independent confirmation, the glacial morphological setting indicates a correlation of LM 'a' with moraine ridges LM 'b' and 'c'.
The Schmidt hammer results as presented in Figure 1 enable a grouping of individual ridges of the lateral moraine system at Strauchon Glacier into three groups/pairs (group 1: LM ('a'/'b'/'c'; group 2: LM 'd'/'e'; group 3: LM 'f'/'g'). This hypothesis has been tested by multiple statistical tests (Tables 4, 5 ) in order to establish whether the R-values of individual ridges show a statistically significant difference or not. In general, the ridges within the abovementioned groups all showed statistically insignificant differences at relatively high probability levels (Table 4) .
Those tests with only 'moderate' levels of significance can again be related to single samples (Table 5 ). By contrast, all statistical tests performed for ridges of different moraine groups give very clear and statistically significant evidence of different ages. One can conclude that the ridges of one group must be of the same age, i.e. formed during one 'Little Ice Age'-type event (late-Holocene advance period) within c. 200 -300 years, cf. [19] . Only in the case of LM 'a' those tests failed to verify the hypothesis of this moraine being a member of the group 1-ridges, presumably due to the abovementioned postdepositional erosion. As the differences in age between the three moraine groups are significant, one can conclude that these three moraine ridge groups must have been built up during three 'Little Ice Age'-type events. This means, at least 3 major pre-'Little Ice Age' advances have occurred at Strauchon Glacier. 
Terrestrial cosmogenic isotope ( 10 Be) dating and construction of a calibration curve
Nine samples taken for TCND at Strauchon Glacier have been processed (Table 6 ). To date any moraine ridge entirely by the use of TCND, three dates are estimated to be the minimum required (J. Shulmeister, personal comment). Applied at the lateral moraine system at Strauchon Glacier, at least 21 samples would be the appropriate number for an analysis in this context. Thus, without the Schmidt hammer measurements available for combination with TCND in this new 'multi-proxy' approach, no reliable age estimation exclusively based on the TCND data would be possible. The ages derived by 10 Be-TCND show an overall good consistency (Table 6 ). However, some samples are characterized by relatively high external uncertainties.
The general trend of increasing age towards the outermost ridge LM 'a' is clearly shown. Furthermore, the samples show a pattern obviously comparable to the moraine ridge grouping previously achieved by the analysis of the Schmidt hammer data (Figure 1 ). Whereas the youngest age (C 15) clearly underlines the pre-'Little Ice Age' characterisation of the whole lateral moraine system and confirms earlier conclusions [12, 13] , the sample from LM 'a' (C 3) supports the hypothesis of LM 'a' belonging to the same group as LM 'b' and 'c'. Despite of high external uncertainties of some of the TCND samples and no further correction for snow cover, the results allow the preliminary construction of age-calibration curves and the combination of the TCND and Schmidt hammer data sets. For the construction of the calibration curves, a linear function has been applied following the majority of comparable attempts in the literature, e.g. [34, 41] ; cf. discussion [43] . Giving the late-Holocene age of the moraine system according to the result of the TCND, a linear relationship seems to be a reasonable assumption. Two different ways of constructing the curves have been tested. At first, the results of the TCND have been taken as fixed points (Figure 6a) . For each of the three moraine groups, one sample has been chosen as a representative fixed point (LM 'a'/'b'/'c': C 2; LM 'd'/'e': C 12; LM 'g': C 15; cf. Table 6). All means of the related individual Schmidt hammer test sites (Table 1) have been related to the fixed points in order to derive a linear function. Due to significant lower explanation of the preliminary curve (R 2 = 0.8327), all samples for LM 'a' have later been omitted. This procedure is following the previous Schmidt hammer analysis concluding post-depositional movement to be responsible for slightly too high R-values (see 4.1). The final curve, however, gives an extraordinary high explanation far beyond the most optimistic expectations. To crosscheck this curve, an alternative version has been calculated taking the mean of the Schmidt hammer R-values (excluding those for LM a') from each moraine group as fixed points (Table 8) . Now, all results of the TCND have been related to those Schmidt hammer fixed points (Figure 6b ). The high explanation for this curve gives confidence in the assumed linear relationship between both sets of data. Improved age-calibration curves relating all/representative TCND ages to the means and SEMs of the three moraine groups include estimates of the potential error limits incremented ( Figure 7 ). Figure 6 . Age-calibration curves using TCND ages (a) and Schmidt hammer data (b) as fixed points, respectively. On (a), only the means of the Schmidt hammer test samples (Table 1) are shown (results for LM 'a' excluded). Accordingly, on (b) only the exposure ages (Table 7) are presented, not the internal/external uncertainties. The linear trends are indicated (for further explanation see text).
Figure 7.
Improved Age-calibration curves using mean Schmidt hammer data for the three moraine groups (Table 8) . On (a), every TCND age available is used as fixed point. The range of error given by the means is shaded in dark grey, the range given by the 95% confidence limits (SEMs) is shaded in light grey. By contrast, only one representative TCND age for each moraine group (see text) is shown on (b), tightening the range of error effectively. The linear trends are indicated (for further explanation see text). Site -moraine group R-values: mean and SEM It should, however, be pointed out that internal and external uncertainties of the TCND ages have not yet been taken into account with these age-calibration curves. But even without further TCND results and relatively high external uncertainties, the obvious relationship between TCND results and R-values clearly points towards the success of this new 'multi-proxy approach'. Detailed future calibration of the samples for snow coverage etc. might reduce the explanation achieved, but it seems very unlikely that the explanation would drop to levels negating the overall attempt. Finally, the three different groups of moraine ridges on the lateral moraine system at Strauchon Glacier can be related to three separate 'Little Ice Age'-type events predating the 'Little Ice Age'. On basis of the TCND results, the first event occurred c. 2400 years ago, the second c. 1700 years ago, and the youngest c. 1100 years ago.
Discussion
Methodology
Although the Schmidt-hammer has univocally shown its potential and reliability as a relative-age dating technique during the past 20 years [33, 34] , there still remains a the lack of any absolute ages. Different strategies have been developed in order to solve this problem, one is to calculate a calibration curve based on fixed points (ages) derived from radiocarbon ( 14 C) dating [19, [41] [42] [43] . Crucially, this relies on finding datable organic material with an unambiguous relationship to the chosen site of surface exposure dated by the Schmidt hammer. The search for organic material largely depends on the local environmental conditions and has been unsuccessful on the investigated glacier foreland. On the other hand, it is much easier to find suitable boulders for TCND (as long as the local bedrock contains enough quartz for cosmogenic 10 Be dating). TCND delivers an absolute age for the tested boulder surface.
Although some of the moraine ridges at Strauchon Glacier have a few suitable boulders for the Schmidt hammer tests, measurements were restricted to one test site per moraine. Analysis shows SEMs for R-values within the accuracy achievable by this method [19, 29] . Further improvement by a modified sampling design, i.e. high number of sites, multiple blows per boulder; cf. [63] has been prevented by the local conditions on some of the moraine ridges and, therefore, could not be applied. As a consequence, there is not much room for improvement.
The most serious uncertainties with the new 'multiproxy' approach are connected to the construction of the age-calibration curves and the TCND ages. TCND is a relatively new technique, especially for lateHolocene boulder and bedrock surfaces, and precise dating still remains a methodological challenge [64, 65] (J.Shulmeister/A.Zondervan, pers. comm.). Potential errors connected to TCND are the efficiency of the 'zeroing' of boulder surfaces prior to glacial deposition [66] and initial instability of moraine ridges [67] . The choice of a linear function for the calibration curves follows the recommendations of most existing comparative studies, e.g. [34, 46] . Over very long timescales of 10 000 years or more this assumption might be subject to further confirmation. It should be noted that there are usually large gaps between the individual fixed points of those agecalibration curves due to the lack of glacial activity during mid-Holocene. For the limited timescale of the lateHolocene moraine ridges in this study, the application of a linear relationship is not considered a major source of error. The transport paths of supraglacial debris prior to its deposition on the lateral moraine ridges at Strauchon Glacier are relatively short due its limited length. This means, ineffective 'zeroing' needs not to be considered as a major problem. The morphology of the ridges gives no indication of major instability related to the melting of buried dead-ice. Although such potential errors cannot generally be excluded, those fall within the range of methodological uncertainties embedded in TCND of young samples. Of course, the ideal situation for an 'absolute' dating of a moraine system like that one at Strauchon Glacier would be a high number of precise TCND results for each of the moraine ridges. This approach is, however, quite impractical. The high costs of TCND will certainly prevent the analysis of a sufficient number of samples for dating this moraine ridges without any combination with the Schmidt hammer. In conservation areas, the impact of rock sampling for a high numbers of TCND results could lead the authorities to deny access and sampling. In any case, the prominent advantage of the Schmidt hammer technique is to test very high numbers of boulders in order to minimize effects like e.g. post-depositional disturbance of moraine ridges or visually not-detectable lithological inhomogeneities. This advantage cannot be compensated by TCND. Just by pure numbers, the possibility of testing unrepresentative boulders or boulder surfaces is a permanent problem of TCND [6] .
Therefore, the Schmidt hammer should prove to be a useful support for any study using TCND. If the boulder sampled should represent the oldest surfaces available on a moraine, the related R-values should be in the lowest reaches of all tests on this moraine ridge. Therefore, the 'multi-proxy' approach developed here could be applied in both ways: for 'absolute' age estimation of Schmidt hammer measurements, and for crosschecking the boulder surface sampled for TCND. If the lithologies of two (or more) glacier forelands are similar, an age-calibration curve could be applied on a regional scale. However, due to the demands of the Schmidt hammer technique, no application on different types of bedrock is possible per se.
Holocene glacier chronology
In this study, three separate 'Little Ice Age'-type events [30] preceding the 'Little Ice Age' are dated to c. 2400, 1700, 1100 years ago. According to [12] , the Strauchon Glacier reached its maximum Little Ice Age extent around c. AD 1765. Furthermore, according to [12] the lateral moraine system investigated in this study was formed 'within the last few centuries'. By contrast, [13] suggests a late-Glacial origin of at least the outer ridges of the moraine system. Both statements are disproved by the findings presented here. Although the massive lateral moraine system itself might have a late-Glacial precursor or 'core', the distinct morphology of the moraine ridges, the differences in R-values, and their absolute ages do not support the latter suggestion. These differences would have to be much greater if the outer ridges date from the late Glacial. On the other hand, for an age difference of only a few centuries [12] , the differences between the ridges are too significant. Apart from the results of the TCND, the results of the Schmidt hammer measurements alone point towards a larger difference in age. More recently, a possible co-seismic origin of massive Holocene moraines in the Southern Alps by large, earthquake triggered rock avalanches and related enhanced debris deposition has been highlighted [68] . From its position at the base of the Aurora Range, such an event could theoretically have produced a precursor (or 'core') of the lateral moraine system investigated here. However, the results from both dating techniques and the distinct morphology of the ridges support a purely glacial origin. There are few 14 C dates available from this foreland [13] . And those that do exist are measured from buried soil horizons excavated below the erosion scar in the northwestern part of the foreland. Such palaeosol radiocarbon dates show large differences between individual measured ages (up to 3 kyr) for separate organic fractions and are, therefore, unreliable. A glacier advance prior to 5050 14 C yr BP concluded on basis of one radiocarbon date [13] cannot be supported by the present study. Another advance that should have taken place after 2230 14 C y BP, this may correspond to the age of the moraine ridge group 1 (LM 'a'/'b'/'c'). The advance reported around 1550 14 C y BP [13] correlates to moraine ridge group 2 (LM 'd'/'e'), but the relationship of the 14 C dates to glacier activity requires further testing. There is no advance in the previous chronology [13] that would correspond to moraine group 3 (LM 'f'/'g').
The three 'Little Ice Age'-type events at Strauchon Glacier predating the 'Little Ice Age' itself is analogous to the findings of previous work in Mt.Cook/Aoraki National Park [19] . At present, similar work on a combination of Schmidt hammer data and TCND at other glaciers is underway in order to test whether the dates derived from Strauchon Glacier correspond to moraine ages on the foreland of other glaciers. A preliminary compilation of the results from a total of 10 individual glaciers [17] supports Strauchon Glacier as representative site. Those advances detected at the other glaciers correspond well to the three pre-'Little Ice Age' advances, especially if glaciological and methodological uncertainties (e.g. differences in glacier response times, potential errors with TCND etc.) are taken into account. By contrast, the large number of late-Holocene advances postulated recently by [16] cannot be supported. Due to methodological difficulties and uncertainties, a further comparison of the TCND results derived here with 14 C dates reported in other studies, e.g [13, 15] are merely tentative and, therefore, not justified.
Conclusions
• Extensive Schmidt hammer measurements enabled the grouping of seven individual moraine ridges of a complex lateral moraine system at Strauchon Glacier into three distinct groups, each representing one 'Little Ice Age'-type event.
• The first attempt of a new 'multi-proxy' approach combining relative-age dating by the Schmidt hammer and 'absolute' terrestrial cosmogenic nuclide dating ( 10 Be) was successful. Age-calibration curves constructed on the basis of the two data sets show a high explanation and are indicative of a causal link.
• With the help of terrestrial cosmogenic nuclide dating, the three 'Little Ice Age'-type events predating the 'Little Ice Age' have been dated to 2400, 1700, and 1100 years ago.
• With terrestrial cosmogenic nuclide dating delivering ages for the same boulder surfaces tested by the Schmidt hammer, this 'absolute' dating technique has an advantage compared to the alternative of radiocarbon ( 14 C) dating for the construction of age-calibration curves.
• Schmidt hammer measurements can, on the other hand, be a useful tool to crosscheck the choice of boulders for TCND and efficiently reduce the number of samples necessary for a reliable chronology on a glacier foreland.
• Although not the main aim of the study, the ages derived by the combination of TCND and Schmidt hammer relative-age dating confirm the need for a major revision of the Holocene glacier chronology in the Southern Alps of New Zealand.
